Babies, like adults, hear mostly continuous speech. Unlike adults, however, they are not acquainted with the words that constitute the utterances; yet in order to construct representations for words, they have to retrieve them from the speech wave. Given the apparent lack of obvious cues to word boundaries (such as pauses between words), this is not a trivial problem. Among the several mechanisms that could be explored to solve this bootstrapping problem for lexical acquisition, a tentative but reasonable one posits the existence of some cues (other than silence) that signal word boundaries. In order to test this hypothesis, infants were used as informants in our experiments. It was hypothesized that if word boundary cues exist, and if infants are to use them in the course of language acquisition, then they should at least perceive these cues. As a consequence, infants should be able to discriminate sequences that contain a word boundary from those that do not. A number of bisyllabic stimuli were extracted either from within French words (e.g., marl in math6maticien), or from between words (e.g., mati in panorama typique). Three-day-old infants were tested with a non-nutritive sucking paradigm, and the results of two experiments suggest that infants can discriminate between items that contain a word boundary and items that do not. It is therefore conceivable that newborns are already sensitive to cues that correlate with word boundaries. This result lends plausibility to the hypothesis that infants might use word boundary cues during lexical acquisition.
INTRODUCTION
When we listen to speech, our task is to identify the units of meaning, namely, the words (or morphemes). But, in contrast to naive intuitions, extracting words from the speech stream is not so easy: Indeed, spoken words are not flanked by silence, as blank spaces separate words in a written text. Acknowledging this fact, existing models of adult speech processing generally incorporate a lexicon- have shown that some of these potential cues influence adults' segmentation into words. Although these studies do not bear directly on acquisition, they add plausibility to the hypothesis that infants may rely on cues for their segmentation. Thus prosodic features such as duration, pitch, and energy were found to influence subjects' perception in several languages (see, among others, for English: Nakatani Rietveld, 1980 ). Curer and Butterfield (1992) showed that English listeners exploit syllables' quality (strong versus weak) to hypothesize word boundaries. Finally, allophonic cues were shown to influence English subjects' parsing of pairs of words such as "gray tie" versus "great eye" (see, e.g., Nakatani and Dukes, 1977; Dutton, 1991) . For the purpose of the present paper, we will group all these potential cues under the term "prelexical cues:" The generic hypothesis is that something perceivable signals word boundaries, that is represented at a prelexical level.
In contrast to the first two solutions, the third one does not postulate that word boundaries are marked in the signal (either by silence or by other prelexical cues). Instead, it assumes that word boundaries are retrieved as troughs in a transition probability function. Hayes and Clark (1970) , formulated the proposal as follows: If the number of phonemes that can possibly follow a given string of phonemes is low, we probably are inside a word; if on the contrary it is high (each possible phoneme then having a low probability of occurrence), we probably are at a word boundary. To sum up, the "words-in-isolation" hypothesis implies that the speech input received by infants is quite critical: All mothers (or caretakers) should speak to their infants uttering one word at a time. If one doesn't, her infant would fail to learn a lexicon. In contrast, the "prelexical cues" hypothesis, assumes that cues to word boundaries are normally present in speech: Mothers can, therefore, speak to their infants as they choose. However, it postulates that word boundary cues exist in every language in the world. Finally, the "transition probability" hypothesis makes no assumption at all about the form of the input.
Both the "words-in-isolation" and the "transition probability" hypotheses propose a solution to the bootstrapping problem, such that the infant becomes able to use a lexicon-based segmentation strategy. The "prelexical cues" hypothesis offers a nonlexical segmentation strategy, that could conceivably be used by adults as well as by infants.
The plausibility of these three types of accounts could be discussed at length, but because we know so little about infants' abilities, they are difficult to assess (see Christophe et al., 1993) . For instance, one might think that the memory load imposed by a mechanism computing transition probabilities would be too great. But for all we know, infants might very well function like tape recorders. Similarly, one might wonder how the infant decides whether a multisyllabic utterance is or is not a one-word utterance to which it should pay special attention. But for all we know, infants might make mistakes like storing two or more words as a single lexical entry, and manage to correct the error at a later stage.
Indeed, what is really needed to clarify this issue is experimental data. The "prelexical cues" hypothesis, which postulates the existence of word boundary cues in everyday speech, lends itself very nicely to experimental validation: According to this account, there has to be something happening around word boundaries--and whatever this something is, infants should be able to perceiue it. Indeed, if some word boundary cues did exist, but infants were not able to perceive and represent them, they would not be able to use them to segment the speech stream. What is worse, for the case of language-specific cues, they would not be able to learn which particular cues signal words in the language they are acquiring. Thus, for example, in French, lexical accent is said to correlate perfectly with the end of content words, which is not the case for many other languages. If infants did not even perceive whether a syllable is accented or not, how could they come to grasp that accent is a reliable marker of word boundaries? In contrast, if infants hear accent in French, then they may come to notice that every utterance they hear ends with an accented syllable, and that the accented syllable marks the end of a linguistic unit.
Thus we claim that if the "prelexical cues" hypothesis is correct, infants should be able to distinguish contexts that contain a word boundary from contexts that do not. If infants cannot discriminate such contexts, the "prelexical cues" hypothesis becomes much less plausible, whereas mechanisms that do not rely on specific prelexical cues become proportionally more attractive. However, if infants can discriminate, the hypothesis becomes plausible--yet not necessarily true; to accept the hypothesis, one would have to prove that at some point in their development, infants actually make use of such cues to segment the speech stream.
In this paper, we chose to explore newborn infants' sensitivity to word boundary cues. Of course, this sensitivity might develop in time, and it might be the case that 2-month-olds, but not newborns, perceive word-boundary cues. But, previous research has shown that newborn infants are already quite sophisticated in their processing of speech: They discriminate sentences from their native language from foreign sentences (Mehler et al., 1988) , they hear the difference between very short syllables that differ only in one distinctive feature (Bertoncini etal., 1987) , they "count" syllables (or maybe vowels, Bijeljac-Babic et al., 1993). Since we assume that the ability to segment speech into word-sized units is a crucial step in language learning, it is not unreasonable to assume that newborns can perceive potential word boundary cues.
In the experiments described in this paper, we used a number of disyllabic items with the same phonemic content (/mati/). These stimuli were extracted from naturally produced spoken sentences, and differed only with respect to the presence or absence of a word boundary. That is, half of the stimuli were part of a word (e.g., "math6-matieien"), while for the other half each syllable belonged to a different word (e.g., "pyjama tlss6"). We investigated whether newborn infants could discriminate these two sets of stimuli. We restricted the context to two syllables under the assumption that at least some word boundary cues are local, i.e., appear near the word boundary.
I. EXPERIMENT 1
In this experiment, we used the non-nutritive sucking procedure (Jusczyk, 1985) to assess whether three-day-old infants can discriminate bisyllabic/mati/stimuli that either do or do not contain a word boundary. During the habituation phase, experimental infants were presented with different utterances of/mati/ chosen from a given word-boundary condition, and then switched to /mat[/ drawn from the other condition; whereas control infants were then switched to a set of/mati/physically different from that heard during the habituation phase, but belonging to the same condition. This design ensured that every single infant heard different physical tokens during the two phases of the experiment: Thus any difference of behavior between the two groups could not be due to infants noticing a change in individual tokens. Discrimination was assessed whenever the experimental group sucked more than the control group, after the switch in stimulation, but not before. In the present experiment, the statistical model of sucking rate was improved, compared to the one usually employed. A multiple regression was performed, using the mean sucking rate after the switch of stimulation as the dependent variable, and the sucking rates before the switch, as well as a dummy variable for the experimental versus control group factor as independent variables (see Appendix A for a comparison of this method to the one most often reported for the non-nutritive sucking procedure).
A. Method
Stimuli
The stimuli were all CVCV disyllables belonging to two different categories. The items of the first stimulus condition (BETWEEN-words) were constructed by splicing the last syllable of a polysyllabic word and the first of the following word (e.g., "pyjama tisst"); the items of the second condition (WITHIN-word) were spliced out from the middle of a word containing at least four syllables (e.g., The disyllable /marl/ was chosen, because it allowed us to construct 20 pairs of the type "mathtmaticien"/"pyjama riss&" The carrier words were inserted in a carrier sentence ("A la radio, on parle de .... du moins je le crois."). A female native speaker of French who did not know the purpose of the experiment read all the sentences three times. She was instructed to read clearly and naturally. The recording was done in a sound-proof room, and the speech signal was digitized at a 16-kHz sampling frequency (8-kHz filtering, 16 bits). The speech stimuli were spliced using a speech editor implemented on a PDP11. We made sure that no information about the phonemes preceding /ma/or following/ti/could be heard. All the splicings were made at zero crossings of the amplitude wave. The stimuli that did not result in two good quality occurrences of/marl/were excluded (the causes of exclusion were/m/ too short and heard as unnatural, or the impossibility of finding a portion of signal heard only as/i/, as in "lama tyrannique" for example). Fourteen words containing WITHINs and fourteen pairs of words containing BETWEENs were finally selected using this criterion (see Appendix B). As two occurrences of each word or pair of words were chosen, there were 28 stimuli in each category.
Apparatus
All testing took place in a specially equipped soundproof room at the Maternit6 Baudelocque (Hospital Cochin) in Paris. A sterilized blind nipple mounted on an adjustable mechanical arm and connected to a pressure transducer was used to measure the infants' sucking response. This information was fed into an electronic interface, that detected a sucking response on the basis of absolute amplitude, speed of rising, and speed of falling pressure. This interface also detected sound on the channels of the tape recorders, and sent both sets of information (sucking and sound) to a Logabax computer programmed to control the experiment. Two Tascam tape recorders, a Rottel RA820BX3 stereo-amplifier, and a Martin loudspeaker were used for the auditory output.
Stimuli were recorded continuously, in a random order, with a SOA of 600 ms. Since the longest stimulus was 410 ms long, and the shortest one 300 ms, the silent interval between two stimuli was at least 190 ms, and at most 300 ms.
The experimental program worked as follows: Each time a sucking response was recorded, the tape-recorder channel became active at the first silent interval, and stayed active for 550 ms. The channel was switched off as soon as a silent interval was found, except if the infant had sucked again during this time, in which case the channel remained active for another 550 ms. The infant received exactly one stimulus per isolated suck, with a latency between 0 and 300 ms, and heard strings of stimuli with an SOA of 600 ms when it sucked in bursts (this amounts to about as many stimuli as responses, since the average infant sucks at a rate of a little less than 2 sucks per second).
Procedure
We used the high-amplitude non-nutritive sucking procedure, described in detail in Jusczyk (1985) . This procedure allows stimulus presentation to be made contingent on infant sucking. After a baseline measurement without any stimulation, the habituation phase began. During this phase, the infant heard one stimulus from one category each time it sucked. This phase ended when there was a fall in the infant's sucking response. In this study, the predetermined fall criterion was two consecutive minutes with a 25% decrement in sucking rate compared to the preceding minute. In the second phase of the experiment, or test phase, half of the subjects switched to a different stimulus category (the experimental group), while the other half went on hearing stimuli of the same category (the control Table I . Four tapes were recorded, one for each subset of stimuli. Once the habituation phase had begun, the whole process was automatic; the program computed the sucking rates per minute and the habituation criterion. It automatically changed channels when criterion was reached. It stored the duration between two consecutive sucks, and the moment of the switch.
Subjects
Subjects were full-term infants born at the Maternit6 Baudelocque in Paris. The criteria for selection were that the infants weigh at least 2850 g, have a gestational age of 38 weeks or more, have an Apgar score of 10 at 5 min after birth and have no known hearing deficit. They were tested in their third or fourth day. Forty infants served as subjects, out of the 80 we tested. They had an average birth weight of 3390 g (range 2850 to 4090), and an average age of 3.2 days. Infants were excluded for crying (5), falling asleep (2), failing to habituate within 12 min (12), not sucking enough or too irregularly (a baby that sucked less than 10 times during two consecutive minutes around the switch was automatically rejected for not being stimulated enough--ll infants), actively rejecting the nipple during the minutes around the switch (4), or experimenter interference (6). After oral consent from the mother was obtained, the infants were gently awakened shortly before they were to eat, and the experiment began when they were in a quiet active state. They were installed in a small reclining chair facing the loudspeaker. The mother was able to watch the experiment through a window located behind the infant. The habituation phase began when the infant was accustomed to the experimental situation, i.e., when it had sucked the nipple for I or 2 rains.
B. Results
The sucking rates per minute for the experimental and control infants are shown in Fig. 1 Infants were not presented with only one item of each category, but heard a whole set of stimuli, that were extracted from different utterances. Thus the infants reacted to the differences between two sets of stimuli, and not simply to differences between two individual items. Moreover, infants could not simply have memorized all the stimuli heard during the habituation phase, and noticed that different stimuli were presented during the test phase, since control infants also heard physically different stimuli One may wonder whether we observed an ability specific to young infants, or whether adult subjects also perceive a difference between stimulus categories? Indeed, adult subjects may use their lexicon to segment speech, and might have lost the infants' sensitivity to potential word boundary cues. In order to test this, the /marl/stimuli were presented to ten adult native speakers of French in a categorization task with feedback. Nine out of ten subjects were able to categorize the stimuli better than chance (p < 0.05) after a training phase during which they heard each stimulus once with its category label. Subjects' performance did not exceed a score of 80% correct. Furthermore, four out of five subjects performed better than chance after having received feedback over only half the stimuli. This shows that subjects can generalize what they have learned on one subset of stimuli to another subset, exactly as infants do.
In order to establish the acoustic parameters that may be responsible for carrying the distinctions, we measured the duration and energy of the two middle /marl/ segments 3 (see Table II BETWEEN by adult subjects, and using as independent variables the three measured parameters, showed that all three parameters correlated significantly with adult behavior.
To sum up the results gathered this far, we found that newborn infants can discriminate sets of phonemically identical bisyllabic items that do or do not contain a word boundary. The design of the experiment ensured that the infants perceived some property of the stimuli that differed for the two sets of items. The adult experiment confirmed the existence of such properties, since adults were able to generalize to new stimuli. Moreover, the duration and energy measurements provided us with good candidates: The parameters measured allowed us to categorize most of the stimuli correctly, and correlated significantly with the adults' behavior.
These results, encouraging as they are, need to be replicated with better material. In experiment 1, about half of the within-word CVCV disyllables were extracted from words like "automatiquement," which in French is generally pronounced as/o/to/ma/tik/mfi/. Half of our withinword CVCV stimuli were thus extracted from a CV/CVC syllabic structure, whereas for between-words stimuli, all the items belonged to a CV/CV structure. The CV/ CV(C)/stimuli were equally numerous in the WITHIN1 and WITHIN2 sets, so that any potential effect would not be revealed by the order factor order 2, in the infant study.
II. EXPERIMENT 2
The material used in this replication was controlled for syllabic structure. To avoid any bias due to coarticulatory effects, items were matched for phonetalc context of the last vowel. In addition, this replication allows generalization of the preceding results to another speaker and another phonemic context. 
Procedure
The apparatus and procedure were the same as in experiment 1, except that due to an improvement in the experimental program, the criterion for a fall in sucking was computed on a running window of 3 rain instead of being computed only at the end of every minute, measured from the beginning of the experiment. The computer calculated the sucking rates per minute for the last 3 min at all times, and tested whether the last 2-rain sucking rates were less than 66% of the antepenultimate minute. The decrement criterion was stiflened from 75% to 66%, in order to equate the mean habituation times as far as possible. Indeed, the running window procedure allowed a decrease in sucking rate to be measured at all times, so that the switch took place as soon as a 66% decrease was registered, whereas the fixed window procedure sometimes induced decreases much greater than 75%. The habituation phase lasted at least 6 min. This slight modification in habituation criterion computation was thought to reduce variability between subjects, since all of them were switched as rapidly as possible, instead of being switched after a fixed number of minutes after the beginning of the experiment.
$. Subjects
The subjects were full-term infants born at the Maternit6 Baudelocque. The criteria for selection were the same as for experiment 1. Infants were tested in their third or fourth day. Out of the 103 we tested, 40 infants served as subjects. They had an average birth weight of 3325 g (range 2750 to 4145) and an average age of 3.1 days. Infants were excluded for crying (7), falling asleep (5), failing to habituate within 12 min (10}, not sucking enough or too irregularly (a baby that sucked less than ten times during 2 consecutive minutes around the switch was automatically rejected for not being stimulated enough--ll infants), actively rejecting the nipple during the minutes around the switch (19), or experimenter interference (2). In addition to these rejection criteria that were already applied during experiment 1, nine more infants were rejected for sucking too much (the exact criterion was at least 1 min over 70 sucks per minute, and 2 other minutes at more than 55 sucks per minute during the habituation). Only one infant from experiment I would have met this criterion. This difference is probably due to a slight drift in the sensitivity of the pressure captor over time. This additional criterion also accounts for the apparently higher attrition rate in this experiment (the nine infants rejected because they sucked too much met all the other criteria: 49 kept infants over 103 tested gives an attrition rate of 52%, very close to the 50% attrition rate of experiment 1 ).
B. Results
The sucking patterns for the experimental and control These results show that three-day-old infants are able to discriminate/mata/disyllabic utterances that contain a word boundary from utterances that do not. The result from experiment 1, obtained with a different set of stimuli, is thus replicated. Furthermore, in experiment 2 the syllabic structure and phonetalc context following the bisyllables were controlled. These two experiments allow us to conclude that, at least for French, something perceivable happens at word boundaries.
As with the/mati/stimuli, the items were presented to adult subjects in a categorization task. Five subjects out of ten classified the two categories of stimuli better than chance (p < 0.05), although their performance did not exceed 72% correct. Table III presents We may wonder whether the task was more difficult with the/mfita/rather than the/mati/stimuli for infants, too. In order to investigate this point, the results from both experiments underwent a regression analysis, using the
III. GENERAL DISCUSSION
The experiments reported in this paper lend support to the idea that three-day-old infants discriminate bisyllabic stimuli extracted from naturally produced French sentences according to whether they contain a word boundary or not. Duration and energy measurements performed on the same stimuli show that the duration of the last vowel of a word, as well as the duration of the initial consonant of a word, are reliable cues for the presence of a word boundary. We also found that adult native speakers of French can learn to categorize the same stimuli.
Taken together, these findings demonstrate the existence of some perceptible differences between phonemically equivalent CVCVs spliced out from the middle of a polysyllabic word and CVCVs spliced out from between two words. This finding increases the credibility of the hypothesis that a means of segmenting words on the basis of prelexieal cues exists. Further studies will be necessary before one can conclude that these potential cues for word boundaries are actually used by infants or by adults when processing continuous speech.
One may speculate about the kind of cue that was responsible for the discrimination we observed. The most salient candidate is accent. Since accent is word-final in French, between-word stimuli bear an accent on their first syllable, and within-word stimuli bear none. Hence, accent may be responsible for the observed pattern of results. If so, we may conclude that infants perceive accent in French, that they thus have the potential opportunity to discover that accent in French correlates with the end of linguistic units, and that they might be using accent to help segmentation, during their acquisition of French. The reader should be aware that this result was by no means predictable, for two different reasons. First, languages differ in the way they implement accent. In English, the language that was used for previous studies on accent, stress is marked by changes in vowel quality (full vowel versus schwa), as well as by differences in duration, pitch, and energy. In French, accent is marked only by differences in duration, energy, and pitch. Although some studies demonstrated that infants can discriminate English stimuli that differ only in stress pattern (see, e.g., Jusczyk and Thompson, 1978), this remained to be proven for French. Second, previous studies on accent always contrasted only two synthetic stimuli: One token with stress on the first syllable, and one with stress on the second. Thus discrimination might rely on a very shallow level of representation, e.g., comparing the length of the first syllable in the two tokens. In contrast, in the present study the infant heard many different tokens in each category, that were extracted from connected sentences. If the infants' behavior was mediated by accent, one may conjecture that this parameter could be useful in a natural setting. 6
Lengthening of word-initial consonants is another candidate to be considered. In our stimuli, we observed a very significant lengthening of word-initial consonants (in our case always/t/), as compared to word-medici ones. Interestingly, word-initial consonant lengthening has also been reported for English (Umeda, 1977) , for Dutch (Quenr, 1991), for Czech (Lehiste, 1965) , for Estonian (Lehiste, 1966) , and for Italian and Swedish (cited in Vaissi•re, 1983). Such a systematic pattern in these widely different languages seems to us a potentially universal one. How infants might use word-initial consonant lengthening for segmentation has to be studied in greater depth.
The present study has important implications for models of lexical acquisition. However, the result needs to be generalized in at least two directions.
First, the study was conducted using exclusively French stimuli. The result should thus be replicated using stimuli from other languages. We mentioned above that accent is a quite plausible candidate for discrimination. But of course, accent does not systematically mark the end of content words in all languages. A first replication of the result might thus use a language where the stress pattern can be decorrelated from the presence/absence of a word boundary. The daring prediction would be that in this case (e.g., Spanish), although there is no accent difference, some other potential cue is present, that would allow diserimination.
Second, all the tokens presented in one experiment were phonemically identical, pronounced by the same speaker and at about the same rate. Any acoustic parameter could thus be directly used, without any sort of normalization. To take just one example, the duration of the t closure was found to be a reliable indicator of category; a very low-level measure of the amount of silence in each stimulus allows to exploit this regularity. Of course, the situation is more complex in the real world, where any segment may occur at boundaries: Here, something like the length of a segment has to be judged in relative terms, taking into account the phonemic category of this segment, the speech rate, etc. (see Klatt, 1976 ). Some normalization is needed. It would be possible to try and replicate the same sort of study, using many different phonemic contexts instead of only one. However, because of the habituationdishabituation method we use, the more within-condition variability there is, the less likely infants are to identify the one feature that is shared by stimuli from the same condition, and differs between conditions. Although a positive result would certainly be very informative in this ease, a negative one would be difficult to interpret.
Grosjean and Gee (1987) argued that for adults, the unit of lexical access may differ from the "written dictionary" word--i.e., everything that is flanked by two blank spaces in written text. Transposing this line of thought to infants, we can try to specify the candidates that can act as prosodic and/or linguistic units. Fortunately, the recent developments of the theory of prosodic phonology offers a whole hierarchy of prosodic units, that are the domains of phonological rules, and might well be prosodically marked in the signal. In the present study, we carefully avoided to confound a major syntactic boundary with the word boundary. We thus used noun + adjective contexts in the boundary condition. But according to the definitions of prosodic phonology theory, we have in fact a (small) phonological phrase boundary between a noun and an adjective, when the adjective follows the noun (see e.g., Nespor and Vogel, 1986; and De/Iong, 1990). Thus the boundary studied in this paper is in fact a boundary between two fairly large constituents from the prosodic hierarchy. It is a question of interest to discover which unit, among the plausible candidates--e.g., phonological word, elitic group, small or maximal phonological phrase--is in tact used by infants, and whether the level perceived is universal or language specific. The non-nutritive sucking procedure compares two groups of infants: Experimental infants and control infants.
The two groups of infants hear stimuli belonging to the same category until a predefined habituation criterion (computed over 3 consecutive minutes) has been reached. After this point, experimental infants are switched to auditory stimuli from another category, whereas control infants go on hearing stimuli from the same category.
Discrimination is assessed whenever the experimental group sucks more than the control group after the switch of stimulation, and when this difference is not attributable to any difference before the switch of stimulation (before the switch, the two groups were treated in the same way}. This test is usually made up of two steps:
Step I: Check that the sucking rate before the switch is not different for the two groups;
Step 2: Test whether the increase in sucking rate is greater for the experimental group than for the control group.
If we call B the mean sucking rate before switching, A the mean sucking rate after switching, and E the experimental/control factor, step 2 is a t-test of the effect of E on (A-B) (the increase in sucking rate) with the following statistical model: A= B-i-ctEq-k.
